Pigs given intraperitoneal injections of 6-aminonicotinamide developed a syndrome similar to a natural disease found in Queensland. Focal lesions, involving mainly destruction of glial cells, developed in the intermediate grey matter of the cervical and lumbar enlargement of the spinal cord. There was widespread vacuolation of spinal cord white matter. The glial cell loss was repaired. We suggest that natural acute nicotinamide deficiency can occur if a threshold dose of an antimetabolite of nicotinamide is absorbed over a short period of time.
We have reported briefly 191 the similarities between a naturally occurring ataxia of weaner pigs in Queensland and the syndrome we produced experimentally by intraperitoneal injections of 6-aminonicotinamide, an antimetabolite of nicotinamide. It produces ataxia and paresis with focal poliomalacia of the ventral horns of the spinal cord and some brain stem nuclei in many species [15] . The two objectives of this experimental study were: to compare the clinical signs and lesions of the field condition with those produced by injections of 6-aminonicotinamide; and to study the changes in the nervous tissue at various periods after the initial treatment using different doses.
Materials and Methods
The 10 pigs used were 6-week-old Landrace cross weighing about 10 kg. They were numbered, weighed and allocated to treatment groups at random. They were housed together.
6-aminonicotinamide was prepared as 0.2% sterile solution in sterile water with antibiotics (penicillin and streptomycin) and was administered by intraperitoneal injection as indicated in table I.
Six pigs (numbers 5 to 10) were deeply anaesthetized with barbitone sodium injected peritoneally and perfused via the descending aorta with 4% glutaraldehyde in phosphate buffer pH 7.2 for 15 minutes. The spinal cord was removed and transverse slices 1 to 2 mm thick cut at the levels of the lumbar enlargement and spinal level lumbar one. These blocks were post-fiied in osmium tetroxide, dehydrated with graded ethanols and embedded in epoxy resin. Semi-thin sections of 1 to 2 pm were cut and stained with alkaline toluidine blue for examination by light microscopy. Thin sections were cut and stained with uranyl acetate and lead citrate for electron microscopy. The brain was removed with the remaining spinal cord were fmed by immersion in formol saline. Sections of the following tissues from all 10 pigs were fmed by immersion in formol saline: sciatic and brachial nerves, biceps femoris, semimembranosus, gastrocnemius, triceps and extensor carpi radialis muscles, heart, lung, liver, kidney, spleen, small intestine, large intestine and mesenteric lymph node. Tissue sections were embedded in paraffin and stained with haematoxylin and eosin (HE).
Results

Clinical signs
All the treated pigs showed swaying of the hindquarters with ataxia and scouring one to three days after the first injection, depending on dose. Pigs 1 and 2, whch received a high dose (10 and 12.5 mg/kg body weight respectively), progressed to flaccidity and quadriplegia by day 2. The four pigs (4, 6, 8 and 9) given three doses of 2 mg/kg all became paraplegic within three to five days with flaccidity and loss of tone of the hind limbs. Withdrawal and patellar tendon responses were severely depressed or absent. No improvement was noticeable in pigs 4, 8 or 9, which were killed within seven days, but pig 6 made a gradual recovery, being able to rise slowly, take a few steps and stand unaided for a short period by eight to nine days. There was gradual improvement in walking; by day 2 1 the pig could walk almost normally for 5 to 6 m but could not trot, and could change direction only with difficulty. The response in the three pigs that received multiple 1 mg/kg body weight doses of 6aminonicotinamide varied from two days of posterior paresis in pig 7, through severe ataxia of the hind limbs with knuckling and swaying in pig 3, to a very mild swaying and transitory ataxia in pig 10. All three had persistent scouring, anorexia, loss of condition and "rough" coat with staring hair. The pigs killed on day 2 or 3 had widespread vacuolation in the white matter in the dorsal columns and intermediate grey matter in all levels of the spinal cord examined. This affected mainly the outer layers of the myelin sheath, but sometimes the periaxonal space was involved. Ultrastructurally, the exact location of the vacuoles associated with the outer part of the myelin sheath often was difficult to establish. Some vacuoles were clearly within the outer oligodendrocyte tongue ( fig.  3 ), while others arose from splitting of the intraperiod lines of the outermost lamellae of the myelin sheath ( fig. 3, 4 ). Many seemed to lie outside the sheath but were surrounded by a single layer of myelin ( fig. 4 ). The outer and inner oligodendrocyte tongues were swollen in some fibres.
In addition to this widespread white matter change, there was a bilaterally symmetrical focal change in the intermediate zone (lamina VII) [12] of the grey matter of the ventral horns in the cervical and lumbar enlargements of the spinal cord ( fig. 2 ). In this focus there was severe vacuolation; degeneration and loss of neurons; and swelling of the vascular endothelium. Glial cell nuclei were pyknotic and their cytoplasm was swollen or homogeneous ( fig. 5 ). The area affected and the number of degenerate neurons were larger in the more highly dosed pigs. Electron microscopy showed a spectrum of damage to oligodendrocytes. In and near the grey matter lesion, oligodendrogliocytic nuclei were pyknotic and the cytoplasm either was pale and vacuolated, or was dense and contained membrane-bound vacuoles and prominent, irregularly oriented microtubules ( fig. 5 ). In the white matter and other areas of the grey matter most oligodendrocytes appeared normal, or had swollen processes with dispersion of organelles. Astrocytes were severely affected in the grey matter foci. They showed massive swelling to form large vacuoles. In the white matter, astrocytes showed focal dilatation of the endoplasmic reticulum. The vascular endothelium was swollen in the affected grey matter but did not appear to be degenerating. Many neuronal processes passed through the most severely vacuolated part of the grey matter and most appeared normal.
In the pigs killed on day 7 there was still vacuolation in the white matter involving the outer part of the myelin sheath. In some areas the extracellular space was larger than normal, and clear lipid-bounded structures lay apparently free in the extracellular space ( fig. 6 ). Some myelin sheaths were thinner than would be expected for the size of the axons they surrounded. Astrocytes contained an increased number of glial filaments while oligodendrocytes were normal. The ventral roots showed Wallerian degeneration.
The focal lesions in the grey matter were infiltrated with macrophages and there was proliferation of vascular endothelium. Some neurons had been lost; those that remained at the edge of the lesion were slightly shrunken and surrounded by clumps of glial cells. No astrocytes were seen in the damaged focus of the grey matter and all axons were demyelinated ( fig. 7) .
Four pigs were killed after 17 to 21 days. In three of these (pigs 3, 6 and 7), most of the myelin sheaths in the white matter tracts of the spinal cord looked normal in toluidine blue sections. Pigs 3 and 7 had received multiple doses of 6-aminonicotinamide, while pig 6 had only three treatments, the last one 18 days before death. In all three, however, there was Wallerian degeneration in the ventral roots both within and outside the cord. An area of hypercellularity devoid of neurons was seen in the grey matter of these three pigs. The vessels were normal. Some neurons at the edge of the grey matter lesion were accompanied by numerous glial cells and showed chromatolysis. Many of the myelin sheaths in the main part of the cord lesion area were thinner than normal ( fig. 8) and excess oligodendrocytes were present. Some macrophages also were present.
In pigs 3 and 7, which received treatment until they were killed, there was no vacuolation in the spinal cord, but focal areas of vacuolation of white or grey matter were present throughout the brain stem, midbrain, thalamus and cortex. This lesion was widely distributed, but the vacuoles were more conspicuous in the following regions: hypoglossal, vagal and spinal trigeminal cranial nerve nuclei, reticular formation, medial vestibular nucleus, corpus trapezoideum and pontine decussation, superior cerebellar peduncle, lateral lemniscus, inferior and superior colliculi, red nucleus, central grey matter around the cerebral aqueduct, thalamic nuclei, corpus callosum and cerebral white matter. Electron microscopy of these vacuolated areas from one immersion-fixed brain showed swollen astrocytes, some of which had large membrane-bound vacuoles in their processes.
In pig 10, the third pig given multiple doses of 6-aminonicotinamide, no lesions were found in central or peripheral nervous systems nor in the muscle sections stained with haematoxylin and eosin (HE). Electron microscopy showed mild vacuolation associated with oligodendrocyte and astrocyte processes in the grey matter of the spinal cord, but the vacuoles were smaller and fewer than in the other animals killed after the same period.
Wallerian degeneration of the sciatic nerves was advanced in three of the four pigs killed after 17 to 21 days. In two of them there was milder degeneration in the brachial nerve. Neurogenic atrophy of the hind-limb muscles accompanied the sciatic nerve degeneration.
Discussion
This study has shown that administration of certain doses of 6-aminonicotinamide produces in pigs, as in other species [15] , a focal lesion in the intermediate grey matter of the cervical and lumbar enlargement of the spinal cord. The similarity in nature and location of the lesion in this experimental condition to that seen in an outbreak of paresis in pigs in Queensland suggests that the latter may have been caused by acute nicotinamide deficiency. Any specific inhibitor of nicotinic acid could be the cause of the syndrome.
Our experience suggests that the paraplegia is reversible and that slow recovery takes place in pigs no longer exposed to the antimetabolite. Over a 21-day period, pig 6 recovered from paraplegia and flaccidity of the hind limbs to almost normal walking for a short distance. Similar observations have been made on rats allowed to recover for 35 days [4] . Our investigations support previous conclusions that the focal central nervous system lesion of acute nicotinamide deficiency results only when a certain threshold dose of antagonist is reached at one time [12] . The acute lesion differs from that seen in the chronic syndrome, and repeated dosing will produce the acute lesion only if the threshold dose necessary to induce it is reached on a single occasion. This situation resembles the well-documented syndromes associated with acute and chronic thiamine deficiency in man and animals. It is of interest also that the acute lesion resolves even during repeated dosage, as in pigs 3 and 7.
The similar nature and location of the lesion in pigs with a condition of unknown cause, termed focal symmetrical spinal poliomalacia [6, 111 , may indicate that the latter condition also is acute nicotinamide deficiency. This condition, seen in sheep in Kenya [6] , was compared to a human patient [3] who showed similar lesions.
Several workers consider 6-aminonicotinamide to be more toxic to glial cells than to neurons [4, 8, 161 . Our experiments produced extensive glial cell necrosis within the focal lesions as well as vacuolation of oligodendrocytes and myelin in the white matter of the spinal cord. Other investigators, however, state that 6-aminonicotinamide affects primary neurons [16] . The focal lesions in which some neuronal cell loss occurred were similar to those reported in some other acute neurotoxic situations, for instance, thiamine deficiency [ 131 and intoxication by metronidazole [ 141 in the rat and monoamine oxidase inhibitors in the dog [ 101. In all these lesions, glial cell destruction is more extensive than neuronal loss; residual neurons can be seen in the glia-free areas. There is also involvement of blood vessels, which makes it difficult to separate specific effects of the inhibitor on glia or neurons from effects arising secondarily from vessel involvement. In chronic nicotinamide deficiency in man (pellagra), the peripheral neuropathy is not accompanied by glial cell changes. The response of glial cells and neurons probably reflects the differential sensitivity of these cells to acute and chronic intoxication.
It was difficult to establish the exact location of the vacuoles associated with the outer part of the myelin sheath in the spinal cord. Some were clearly in the outer tongue, like those found in chronic copper poisoning [5] and occasionally in cuprizone toxicity [2] . Many, however, were located in the intraperiod space, but were not in the spiral of the myelin sheath. How these evolve, and whether they are related sequentially to the outer tongue vacuoles, could not be determined. Because vacuolation was accompanied by other evidence of oligodendrocyte malfunction, one may conclude that the vacuoles result from interference with oligodendrocyte metabolism rather than a direct effect on the myelin sheath, as has been suggested in hexochlorophene [ 171 and triethyl-tin intoxication [ 1, 7] . The resolution of vacuolation in some cases seemed to result from separation of the vacuole (still surrounded by myelin lipids) from the myelin sheath into the extracellular space. There was no evidence of direct astrocyte involvement in vacuole resolution like that seen in cuprizone intoxication [2] . Probably the latter process occurs only where oligodendrocyte metabolism is seriously impaired. Myelin vacuolation was not a feature of chronic exposure to 6-aminonicotinamide; rather, the cell involved was the astrocyte of the brain stem, midbrain and basal ganglia. The reason for this shift in sensitivity is unknown.
A feature worthy of comment is the apparent susceptibility of glial cells to acute toxicity and their ability to withstand chronic toxicity. This property of glial cell metabolism is relevant to central nervous system toxicity and could be used to investigate the function of glial cells.
